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To investigate the influence of symmetric and asymmetric electrode layers on ferroelectric properties of
perovskite capacitors, ab initio calculations based on density-functional theory using the local density approxi-
mation and the mixed-basis pseudopotential method are performed for Pt /PbTiO3 /Pt, Pt /PbTiO3 /SrRuO3, and
SrRuO3 /PbTiO3 /SrRuO3 models. SrRuO3 /PbTiO3 /SrRuO3 capacitors with PbO-terminated PbTiO3 layers
have a ferroelectric stability similar to that of Pt /PbTiO3 /Pt, while the ferroelectricity is strongly suppressed in
the capacitors with TiO2-termination. The asymmetric combination of the electrodes enhances the ferroelectric
polarization pointing from SrRuO3 to Pt while the opposite polarization becomes less stable. The epitaxial
lattice strain does not strongly affect the electronic Schottky barriers of the symmetric capacitors. The contri-
bution of the electrical field originating from the asymmetric electrodes influences the Schottky barriers
significantly. The switching of the polarization in the asymmetric capacitor changes the Schottky barrier height
from PbTiO3 to the SrRuO3 electrode by about 1.0 eV.
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I. INTRODUCTION

Nonvolatile data storage is a key challenge for advancing
the development of information technology. The ferroelectric
random access memory �FeRAM�, which utilizes the hyster-
esis of spontaneous electrical polarization �ferroelectricity�,
is promising for a substantial improvement of nonvolatile
memory devices since the polarization switching occurs
within 1 ns, which enables swift function as DRAM �dy-
namic random access memory�. The FeRAM has advantages
over the widely used EEPROM �electrically erasable pro-
grammable read only memory, namely, the flash memory� in
terms of fast read/write operation and electric efficiency. As
FeRAM devices encountered mass production and were put
on the market a few years ago, further development of its
efficiency and reliability are likely to be accelerated. It is
essential, therefore, to elucidate the functional properties of
FeRAMs �ferroelectric and electronic�.

Finding the minimum thickness for ferroelectricity in a
perovskite thin-film capacitor is an important issue owing to
the growing demand on designing smaller devices for ad-
vanced efficiency and performance. Theoretical ab initio
studies by means of density-functional theory �DFT� have
contributed to this issue, and the ferroelectricity of ultrathin
perovskite films, which are typical ferroelectric materials
sandwiched with electrode layers, has been investigated. The
first ab initio study was carried out by Junquera et al.1 to find
that BaTiO3 thin films between two SrRuO3 electrodes lose
the ferroelectric properties below a critical thickness of about
24 Å. Subsequent ab initio studies have revealed that the
critical thickness depends on the electrode material as well as
on the termination of the perovskite layer, indicating a strong
influence of the chemical nature of perovskite-electrode
interfaces.2,3 In our previous study,3 it was also demonstrated

that the ferroelectric stability of Pt /PbTiO3 /Pt capacitors de-
pends on the epitaxial strain, i.e., the in-plane lattice con-
stant; the ferroelectric state becomes more stable with de-
creasing lattice parameters.

While the ferroelectric properties of ultra-thin perovskite
capacitors have so far been investigated theoretically only
with identical electrode layers on both sides, in most experi-
ments until now dissimilar materials are usually used for the
bottom and top electrodes because different properties are
required for the two electrodes. Metals resistant against oxi-
dation, such as Pt, are suitable for the top electrode as it
covers and protects the capacitor in gaseous environments.
The bottom layers must have good epitaxial growth proper-
ties, and namely, the perovskite SrRuO3 �SRO� is best suited,
because of its close structural relationship and lattice match
to the ferroelectric perovskites PbTiO3 and BaTiO3 and to
typically used substrates �e.g., SrTiO3 �STO��, enabling epi-
taxy on a perovskite substrate with well-ordered atomic ar-
rangement. It is therefore of importance to investigate the
ferroelectric properties of capacitors with different electrodes
and to examine the effect of the asymmetry. Asymmetrical
interface terminations of ferroelectric perovskite films were
considered by Duan et al.,4 Stengel et al.,5 and Gerra et al.6

Nevertheless, to our knowledge, no theoretical study has
been reported which investigates the effect of the asymmetry
of electrodes on the ferroelectricity in ultra-thin perovskite
capacitors.

In this study, we perform ab initio DFT calculations of
capacitors of PbTiO3 �PTO� films between electrodes. We
examine both symmetric �SRO/PTO/SRO� and asymmetric
�Pt/PTO/SRO� capacitors to investigate influence of the elec-
trodes on the ferroelectric stability. The results are also com-
pared with those for Pt/PTO/Pt capacitors obtained in our
previous study.3
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II. COMPUTATIONAL DETAILS

The computations were performed using the mixed-basis
pseudopotential �MBPP� code7,8 employing norm-conserving
pseudopotentials9 and a mixed-basis set10–12 of plane waves
�with a cutoff energy of 20 Ry=272 eV� and localized basis
functions �for more details see Refs. 13–15�. The Brillouin-
zone integrations were carried out with a 6�6�1
Monkhorst-Pack16 k-point mesh together with a 0.2 eV
Gaussian broadening.17

We used a similar setup of simulation models as in
our previous study,3 where the validity of the pseudopotential
approach was also examined by the comparison with
ultrasoft pseudopotentials18 and the projector augmented
wave method19 implemented in the Vienna ab Initio
simulation package.20,21 The ultrathin �001�-oriented PTO
films between electrodes were represented by electrode-
perovskite-electrode multilayer models as shown in Fig. 1.
We examined both symmetric �SRO/PTO/SRO� and asym-
metric �Pt/PTO/SRO� capacitors. To investigate the two
possible terminations of the perovskite �001� surface, PbO
and TiO2, the following model setups were made:
RuO2-SrO-RuO2 /PbO-�TiO2-PbO�m /RuO2-SrO-RuO2 and
SrO−RuO2−SrO /TiO2− �PbO−TiO2�m /SrO-RuO2-SrO for
symmetric capacitors, and Pt3 /PbO-�TiO2
−PbO�m /RuO2-SrO-RuO2 for an asymmetric one, where m
denotes the number of perovskite unit cells in the PTO film.

A vacuum region is included in our supercell models
separating the metal electrodes on the two sides of the
perovskite films to enable the calculation of the asym-
metric capacitor. This setup gives the electrical short-circuit
condition as well as an electrode/perovskite superlattice
geometry.22

The configurations of paraelectric �PE� and ferroelectric
�FE� phases were obtained by structural relaxation with and
without imposed centrosymmetry, respectively. The relax-
ation was performed with a predetermined lateral lattice pa-
rameter, a, until the maximum force on the atoms was less

than 0.01 eV /Å. The relaxed energies were obtained as a
function of a. For the symmetric capacitors, the ferroelectric
stability was evaluated by the energy difference between the
paraelectric and ferroelectric phases. On the other hand, the
paraelectric phase configuration cannot be well defined for
the asymmetric capacitors. Therefore, we took the average of
the PE energies of the two symmetric capacitors �Pt/PTO/Pt
and SRO/PTO/SRO� with the same perovskite thickness for
a paraelectric zero-energy reference energy, i.e.,

EPPS�PE� �
EPPP�PE� + ESPS�PE�

2
, �1�

where PPS, PPP, and SPS refer to Pt/PTO/SRO, Pt/PTO/Pt,
and SRO/PTO/SRO, respectively.

In order to investigate the influence of the electrode ma-
terials on the electronic properties of the capacitors, we cal-
culated the Schottky barrier heights for holes and electrons
using a macroscopic averaging of the electrostatic
potential.14,15,23–25

As shown in Fig. 2, the p-type Schottky barrier is calcu-
lated as

�p = �V̄ + �Ebulk, �2�

with the difference �V̄ between the macroscopic averages of
the electrostatic potentials in the two materials far from the
interface and the difference �Ebulk between the Fermi energy
of the electrode and the valence-band maximum �VBM� of
the dielectric material. The Fermi energies and VBM are
obtained from independent bulk calculations using the same
strain conditions as in the capacitor supercell calculations.

III. RESULTS AND DISCUSSION

A. Ferroelectric instability of the capacitors

For symmetrical SRO/PTO/SRO capacitors �see Figs. 1�a�
and 1�b��, Fig. 3 shows the energy difference of the FE and
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FIG. 1. �Color online� Simulation supercells for m=2. �a�
and �b�: Symmetric SrRuO3 /PbTiO3 /SrRuO3 capacitors with
the two possible terminations of PbTiO3. �c�: Asymmetric
Pt /PbTiO3 /SrRuO3 capacitor with PbO-terminated PbTiO3.

FIG. 2. �Color online� Principle of the p-type Schottky barrier
height calculation for a PTO/Pt heterophase system with the differ-

ence �V̄ between the macroscopic average of the electrostatic po-
tential. EF and VBM are the Fermi energy and the valence-band
maximum of the bulk material calculated independently. Ec and Ev,
are the conduction-band edge and valence-band edge in the super-
cell, respectively.
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PE states, �E= �E�FE�−E�PE�� /m, which presents the ferro-
electric stability: the more negative value means the more
stable FE state. As in the case of Pt/PTO/Pt capacitors in our
previous study,3 �E depends on the lateral lattice parameter
and the FE state becomes more stable as the lattice parameter
decreases. The FE stability is again clearly dependent on the
interface termination. The FE polarization requires a much
smaller lateral lattice parameter a in a capacitor with
TiO2-terminated PTO layers than in that with PbO termina-
tion. The critical lateral lattice constant for ferroelectricity in
a m=2��16 Å� capacitor is 3.82 Å and 3.68 Å for PbO
and TiO2 terminations, respectively, which are estimated by
extrapolation of the m=2 curves. While the former value is
close to that of Pt/PTO/Pt, the latter is much smaller �see Fig.
2 in Ref. 3�. This indicates that the TiO2-termination of PTO
layers at the SRO/PTO interface strongly suppresses the
ferroelectric polarization perpendicular to the interface.

The ferroelectric stability of the asymmetric Pt/PTO/SRO
capacitor is shown in Fig. 4. Because of the asymmetry in
the structure, the FE states with opposite polarization direc-
tions exhibit different energies relative to the PE reference
state. The relaxed FE configurations of the m=2 capacitors at
a=3.725 Å are shown in Fig. 5. The “FE1” structure, where
the oxygen atoms shift toward the Pt layer and metal atoms
Ti and Pb toward SRO �i.e., resulting in a negatively charged
Pt side and positive SRO�, exhibits the lower FE stability
�triangles down in Fig. 4�. The FE stability decreases ��E
increases� with increasing lateral lattice parameter, and the
FE1 state is no longer stable at a�3.785 Å in the m=2
capacitors: when the relaxed FE1 structure at a=3.755 Å
was stretched in the in-plane directions to have a=3.785 Å
and then relaxed, the polarization direction flipped to the
FE2 structure. On the other hand, the FE2 states have an
even higher FE stability than the bulk crystal. This indicates
that the asymmetric combination of electrode layers en-

hances the spontaneous polarization in the direction of FE2.
It is interesting to note that both of the electrode/perovskite
interfaces, Pt/PTO and SRO/PTO, suppress the ferroelectric
polarization in the symmetric thin-film structure.

In our previous work3 we showed that the ferroelectric
stability of a Pt/PTO/Pt capacitor of m�4 can be estimated
by extrapolation using �E data for m=2 and m=�. Here we
examine the same extrapolation for SRO/PTO/SRO. The FE
stability for m=4 is estimated by the extrapolation

�Eext�m = 4� = �2�E�m = 2� + 2�E�m = ���/4, �3�

where the subscript “ext” denotes the extrapolated value,
which is shown in Fig. 6 with a dashed line. The extrapolated
line deviates from the calculated �E, indicating that the ex-
trapolation scheme does not work for m=4. This means that
the SRO/PTO interface influences not only the FE displace-
ment in one outermost PTO unit cell but also that in the
center cells. Assuming that the influence is limited to the two
outer unit cells from the interfaces �i.e., four cells in total�,
�E for m=6 can be estimated by

�Eext�m = 6� = �4�E�m = 4� + 2�E�m = ���/6, �4�

which is shown by a dotted-dashed line in the figure. The
discrepancy seen in Fig. 6 between the extrapolation and the
calculated FE stability for m=6 demonstrates the invalidity
of the simple assumption. Hence, unlike the Pt/PTO inter-
face, the influence of the SRO/PTO interface is longer
ranged. However, the discrepancy for m=6 is much smaller
than for m=4, implying that the extrapolation scheme even-
tually will work for thicker slabs.

While m=4 is sufficient for both the PbO-terminated Pt/
PTO/Pt and SRO/PTO/SRO capacitors to have stable ferro-
electric states at a=3.845 Å �the ab initio calculated cubic
lattice parameter of the typical substrate material STO, cf.
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FIG. 3. �Color online� Ferroelectric stability of
SrRuO3 /PbTiO3 /SrRuO3 capacitors. Energy difference �E per
PbTiO3 perovskite unit cell between the FE and PE state as a func-
tion of the in-plane lattice constant a. Open and closed symbols are
for TiO2- and PbO-terminated films, respectively �circles, m=2;
triangles, m=4; diamonds, m=6; pluses, m=�, i.e., bulk PbTiO3,
cf. Ref. 3�.
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FIG. 4. �Color online� Ferroelectric stability �E of
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Refs. 3 and 13� thicker layers are expected to be necessary
for the Pt/PTO/SRO one. I.e., the ferroelectric state in the
asymmetric capacitors becomes unstable already at smaller
lattice parameters than in the symmetric ones. This is be-
cause the ferroelectric state with the polarization pointing to
the SRO side �FE1� is suppressed by the combination of the
dissimilar electrodes, while the polarization in the opposite
direction �FE2� is stabilized. It is reasonable to expect that
the curves of the ferroelectric stability asymptotically be-
come closer to that of bulk PTO as the thickness of the PTO
layers increases, while FE1 remains less stable than FE2.
The stability of the FE1 state, therefore, presumably deter-
mines whether the capacitor is ferroelectric or not.

The ferroelectric stability of the Pt/PTO/SRO capacitor is
discussed in this paper in terms of energy differences be-
tween the ferroelectric state and the zero-energy reference
energy �Eq. �1��. This scheme is valid because, as seen in
Fig. 4, the energy of the FE1 state asymptotically comes
close to the reference energy with an increasing lattice pa-
rameter until the polarization direction is reversed. To esti-
mate accurately the ferroelectric stability of the asymmetric
capacitor, one needs to calculate the activation energy re-
quired to switch one ferroelectric state to the other by a more
sophisticated scheme, such as the nudged elastic band �NEB�
approach,26 to obtain the energy at the transition barrier

�saddle point� in the energy landscape between the two ferro-
electric states polarized in the opposite directions. This com-
putation is, however, rather expensive and we consider it
beyond the scope of this paper.

The analysis of the local densities of states for oxygen
revealed the presence of numerous induced gap states in the
PbO layer at the interface for the PbO-terminated film. For
the TiO2-terminated film almost no gap states were observed
in the TiO2 layer at the interface. One reason for the suppres-
sion of ferroelectricity in the TiO2-terminated film is likely
the presence of an insulating interfacial TiO2-SrO layer �ef-
fectively an STO unit� between PTO and SRO in this case.

B. Analysis of atomic displacements

In this section the atomic displacements, in terms of layer
rumplings, related to the ferroelectric states as function of
lateral strain and film thickness are analyzed. The layer rum-
pling, �, in PTO and SRO is defined for each atomic plane,

i, as �i= ��̄z�Mi�− �̄z�Oi��, where �̄z�Mi� and �̄z�Oi� denote
the averaged displacements of metal and oxygen atoms nor-
mal to the atomic plane, respectively. For the Pt layers, � is
defined by �i= ��z�Pti

cnt�−�z�Pti
cor��, where Ptcnt and Ptcor de-

note Pt atoms in the center and on the corner of the �001�
unit cell, respectively. Layer rumplings in the asymmetric
capacitors with varying lattice parameters are plotted in Fig.
7. It is seen that the rumplings in the Pt and SRO layers are
large for the FE1 polarization while those in FE2 are mod-
erate, which indicates the larger distortion in the electrode
layers that results in the lower ferroelectric stability of FE1.
The magnitude of rumplings in the PTO layers decreases
with increasing lattice parameters, corresponding to the re-
duction in the ferroelectric stability as a function of a. At the
small lattice parameters, the rumplings of PbO layers are
larger than those of TiO2, as evident from the zigzag lines of
the layer rumpling. The lines become more flat at larger a.

FIG. 5. �Color online� Atomic configurations of the two FE
polarizations of the m=2Pt /PbTiO3 /SrRuO3 capacitor at a
=3.725 Å. Arrows indicate the FE shift of atoms �length is multi-
plied for visibility� from the averaged coordinate of each TiO2 or
PbO atomic layer.
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The layer rumplings in the Pt/PTO/SRO capacitors with
a=3.725 Å are compared with those in Pt/PTO/Pt and SRO/
PTO/SRO in Fig. 8. For m=2, the rumplings in the PTO
layers with FE2 polarization are close to those in Pt/PTO/Pt,
while the PTO rumplings of FE1 are affected by the PTO/
SRO interface. This indicates that the influence of the PTO/
SRO interface on the polarization of the PTO layers depends
on the polarization direction, which explains the difference
of ferroelectric stability between the FE1 and FE2 states. For
m=4, the rumplings of the PTO layers in the Pt/PTO/SRO
capacitor are closer to those in the symmetric ones, but they
are still slightly suppressed in the FE1 state. It is expected
that even thicker layers are required for the center cells to
have a polarization close to that of bulk PTO.

C. Analysis of electrostatic potentials and Schottky barriers

In the following we analyzed the electronic properties of
the Pt/PTO/Pt, SRO/PTO/SRO, and Pt/PTO/SRO hetero-
structures. In order to ensure an accurate determination of the
electrode potential level, we introduced two additional layers
in both, the Pt and SRO electrodes. The interlayer spacing of

the additional layers was determined by calculating the mini-
mum energy configuration of strained unit cells of Pt and
SRO with the lateral lattice parameter fixed to a=3.845 Å of
an STO substrate. No further relaxation steps were carried
out since the resulting structure was found to be already a
good approximation of the final relaxed structure. As an ex-
ample, the SRO/PTO/SRO PE capacitor with TiO2 termi-
nated PTO and five layer electrode was fully relaxed. The
difference in potential levels was found to be less than 0.04
eV. Figure 9 shows the influence of the increasing number of
electrode layers on the averaged electrostatic potentials for
the Pt/PTO/Pt and the SRO/PTO/SRO heterostructures in the
PE state with a=3.845 Å. It is interesting to note how the
averaged potential of the electrode slab is converging to a
constant level with the addition of supplementary layers. We
chose to employ electrode slabs containing five layers as it
was found to provide a large enough layer thickness for an
accurate determination of the potential levels �cf. Refs. 14
and 15�.

We focused our investigation of the electronic properties
on heterophase systems with the two lattice parameters a
=3.815 Å and a=3.845 Å where the system are not stable
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FIG. 7. �Color online� Atomic layer rumpling in the relaxed
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in FE and PE states, respectively. In a first step, the Schottky
barriers were evaluated by measuring the potential level lo-
cated in the most central part of the PTO slab, i.e., we omit-
ted the effect of FE polarization on the barriers. For the
smaller lattice parameter �a=3.815 Å�, the Schottky barriers
were analyzed for the Pt/PTO/Pt �FE�, SRO/PTO/SRO �FE�,
and the Pt/PTO/SRO �FE1 and FE2� capacitors. The larger
lattice parameter �a=3.845 Å� was used to calculate the
Schottky barriers of the PE systems, namely, the Pt/PTO/Pt
and SRO/PTO/SRO capacitors with PbO and TiO2 termina-
tions. For comparison, we included the PbO-terminated Pt/
PTO/Pt and SRO/PTO/SRO capacitors with FE state. The
computed Schottky barrier values are listed in Table I. We
use the convention of positive offset for an upward step
when going from the left �Pt or SRO� to the right slab �PTO�.
The same convention is used for the asymmetric electrodes
capacitors where the second value is for a step from the PTO
�now left slab� to the Pt or SRO �right slab�. The Schottky
barriers for electrons are estimated by using the experimental
bandgap of PTO, Egap

PTO=3.778 eV,27 so that ��n�=Egap
PTO

− ��p�.

By using the most central part of the PTO slab, we are
reporting in the Table I an average value of the Schottky
barriers. Evaluating the contribution of the electrical field on
the barrier heights is challenging since one has to consider
the electrical field arising from the spontaneous polarization
of PTO and from the external electrical field due to the
asymmetrical electrodes in Pt/PTO/SRO capacitors. How-
ever, in the following we attempted to estimate the Schottky
barriers values in the presence of the inherent electrical field.
The corresponding barriers, presented in the Table I in italic,
were evaluated at the intersection of the nanosmoothed po-
tential line for PTO with its most external layer position. The
results obtained by this method should be considered only as
indicative since the position of the interface is arbitrarily
chosen. Also informative is the relative polarity �RP� that we
define as the ratio of the maximum potential level for a se-
lected capacitor with respect to the potential level of a refer-
ence capacitor. This parameter has the advantage to be inde-
pendent of the location of the interface. It can be regarded as
an indicator of the strength of the field in the PTO slab since
the slope of the macroscopically averaged electrostatic po-
tential in PTO from different capacitors is compared. The
potential level of the Pt/PTO/Pt FE system was chosen as a
reference, i.e., it is RP=1.0.

As a general remark, the Schottky barrier for electrons is
always larger by a factor of 1.5 to 3 than the Schottky barrier
for holes �cf. Refs. 14 and 15�. Concerning the averaged
Schottky barriers, i.e., without taking into account the elec-
trical field, the values for the Pt/PTO/Pt FE capacitor are not
significantly modified by the increase in lattice parameter
���=0.06 eV when a changes from 3.815 Å to 3.845 Å�.
The paraelectric state is slightly increasing �decreasing� the
Schottky barrier for holes �electrons� with respect to the
ferroelectric state. However, their differences are not much
larger than the computational uncertainty of about 0.1 to 0.2
eV usually obtained for this method.14,15,28,29 The termination
of the PTO slab is not changing considerably the Schottky
barriers of the PE state, with 1.27 and 1.54 eV for the PbO
and TiO2 termination, respectively. As for the SRO/PTO/
SRO FE capacitor, the change in the lattice parameter does
not affect strongly the Schottky barriers taking into account
the numerical uncertainty of 0.1�0.2 eV. However, the bar-
rier difference between the PE and the FE state is larger than
in the Pt/PTO/Pt system with an amount of 0.35 eV. More-
over, a larger difference is observed for the TiO2 terminated
PTO slab, with a smaller �larger� Schottky barrier for holes
�electrons� than for the PbO-terminated PTO slab. This em-
phasizes the role of bonding mechanisms at the interface for
oxidic vs. metallic electrode materials. While we obtain a
Schottky barrier for holes of 1.04 eV for the Pt/PTO/Pt FE
and 1.29 eV for the SRO/PTO/SRO FE systems, the Pt/PTO/
SRO FE1 capacitor has a similar value 1.35 eV for the SRO
electrode side but a larger value with 1.32 eV for the Pt
electrode side. On the contrary, the Pt/PTO/SRO FE2 capaci-
tor shows a reduction in the Schottky barriers for holes with
0.90 eV for the Pt electrode side and 0.87 eV for the SRO
electrode side. This indicates that the contribution of the
electrical field generated in the case of asymmetric electrodes
is influencing the Schottky barriers.

Concerning the Schottky barriers by taking into account
the electrical fields, the RP shows a three times higher inter-
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FIG. 9. �Color online� Planar average �continuous black line�
and macroscopic averages �colored lines� of the electrostatic poten-
tial in �a� the Pt/PTO/Pt and �b� the SRO/PTO/SRO capacitors for
the PE state and various thicknesses of the electrode layers. For
clarity we show only the planar average for an electrode of five
layers. The lattice parameter is a=3.845 Å of STO. The dashed
vertical lines mark positions of atom planes.
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nal field in PTO when SRO electrodes are used instead of Pt
electrodes. This is independent of the lattice parameter. The
Pt/PTO/SRO FE1 asymmetric capacitor has RP�2.8 which
is comparable to the symmetric SRO/PTO/SRO FE capaci-
tor. The Pt/PTO/SRO FE2 capacitor exhibits a field that is
much lower �with RP=1.3 similar to the symmetric Pt/
PTO/Pt FE capacitor� than in the FE1. The difference in
potential levels between Pt and SRO creates a field going
from the Pt toward the SRO. Therefore, the Pt/PTO/SRO
FE2 which can be regarded as a Pt/PTO/SRO FE1 capacitor
with inverse electrodes is subject to a field that is opposing
the polarization of PTO, resulting in a smaller internal field
in the PTO slab. The somewhat larger rumpling of the atomic
layers observed in FE2 is suggesting that larger surface po-
larization are occurring, as pointed out by Meyer and
Vanderbilt30 for a free PTO surface slab under negatively
oriented external electrical fields.

It is interesting to note that the Schottky barrier values for
Pt are rather uniform with �p=1.0–1.1 eV and �n
=2.7–2.8 eV. This may indicate that the Schottky barrier
between Pt/PTO is rather insensitive to the polarization state
of PTO. This is not the case for SRO where the barriers vary
significantly and “follow” the polarization field with, e.g., �n
decreasing from 2.49 to 2.17 eV in the case of FE1 and
increasing up to 3.04 eV for FE2. This suggests that switch-
ing the polarization state of PTO in a Pt/PTO/SRO capacitor
will increase or decrease the Schottky barrier of the SRO
electrode with a magnitude of almost 1.0 eV, as schemati-
cally represented in Fig. 10.

IV. CONCLUSION

To reveal the role of asymmetric and symmetric bottom
and top electrodes in ferroelectric perovskite capacitors, we
performed ab initio DFT calculations of Pt/PTO/SRO and
SRO/PTO/SRO multilayer models. Schottky barriers were
analyzed not only for these two models but also the Pt/
PTO/Pt model investigated in our previous study.3

Similarly to Pt/PTO/Pt capacitors, a strong dependence of
the ferroelectric stability on the lateral lattice parameter was
found both in SRO/PTO/SRO and Pt/PTO/SRO capacitors:

TABLE I. Schottky barriers for holes �p and for electrons �n for the Pt/PTO/Pt, SRO/PTO/SRO, and the
Pt/PTO/SRO capacitors with two lateral lattice parameters a=3.815 Å and a=3.845 Å. The numbers in
italic correspond to the modified Schottky barriers by taking into account the effect of the electrical field. RP
is the relative polarity �see text�. All PTO slabs are PbO terminated except for the capacitors of the last two
lines which are TiO2 terminated �marked with � ���.

�p

�eV�
�n

�eV� RP

a=3.815 Å

Pt/PTO/Pt—FE −1.04 2.74

−1.04	0.10 2.74	0.10 1.0

Pt/PTO/SRO—FE1 −1.32 �Pt� 1.35 �SRO� 2.46 �Pt� −2.43 �SRO�
−1.05 (Pt) 1.61 (SRO) 2.73 (Pt) −2.17 (SRO) 2.7 (Pt) 2.9 (SRO)

Pt/PTO/SRO—FE2 −0.90 �Pt� 0.87 �SRO� 2.88 �Pt� −2.91 �SRO�
−1.03 (Pt) 0.74 (SRO) 2.75 (Pt) −3.04 (SRO) −1.3 (Pt) −1.3 (SRO)

SRO/PTO/SRO—FE −1.29 2.49

−1.29	0.30 2.49	0.30 3.0

a=3.845 Å

Pt/PTO/Pt—FE −1.10 2.68

−1.10	0.10 2.68	0.10 1.0

Pt/PTO/Pt—PE −1.27 2.51

SRO/PTO/SRO—FE −1.22 2.56

−1.22	0.29 2.56	0.29 2.9

SRO/PTO/SRO—PE −1.57 2.21

Pt/PTO/Pt—PE� −1.54 2.24

SRO/PTO/SRO—PE� −0.91 2.87

FIG. 10. �Color online� Variation in the Schottky barrier height
by switching of the FE polarization in PTO. While the barrier
height is rather constant for the Pt electrode, the barrier for holes
��p� is increased for FE2 and reduced for FE1.
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ferroelectric polarization normal to the interfaces is more
stable with smaller lattice parameters. In the case of
TiO2-terminated PTO layers, SRO/PTO interfaces strongly
suppress the ferroelectric polarization in PTO, requiring very
small lattice parameters for the ferroelectric state to become
stable. It was demonstrated that the influence of SRO/PTO
interfaces on the ferroelectric stability is longer ranged com-
pared to Pt/PTO interfaces. The asymmetric combination of
electrodes �Pt and SRO� enhances the ferroelectric polariza-
tion pointing from SRO to Pt while the opposite polarization
becomes less stable.

As the lattice parameter increases, the rumpling of PTO
atomic layers due do spontaneous polarization decreases and
the difference of those between PbO and TiO2 layers be-
comes reduced. For m=4, the PTO layer rumpling in Pt/
PTO/SRO asymmetric capacitors is similar to that in the
symmetric ones �Pt/PTO/Pt and SRO/PTO/SRO�.

For the symmetric capacitors, it is expected that the lattice
parameter will not strongly affect the Schottky barrier height.

The influence of ferroelectric polarization on the Schottky
barrier is larger in SRO/PTO/SRO than in Pt/PTO/Pt. The
contribution of the electrical field generated by the asymmet-
ric electrodes influences the Schottky barriers significantly.
The switch from FE1 to FE2 of the PTO polarization in the
Pt/PTO/SRO capacitor changes the Schottky barriers of the
SRO electrode by about 1.0 eV.
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